A comparative study was conducted to evaluate the temperature-sensitive mechanical properties of glass fibre reinforced polymer (GFRP) composites in the longitudinal and transverse directions. GFRP coupons with different shear span-to-depth ratios were tested under three-point static bending test at temperatures ranging from room temperature up to The results showed that the mechanical properties of the transversely cut specimens is affected more by the increase in temperature than the longitudinally cut specimens. Similarly, the interlaminar shear and flexural strengths of GFRP composites were found influenced more by elevated temperature compared to the stiffness properties. Moreover, the shear modulus undergone more severe degradation compared to the flexural modulus. Simplified empirical models were proposed to estimate the mechanical properties of the GFRP pultruded laminates in both the longitudinal and transverse directions at varying temperatures.
Introduction
Glass fibre reinforced polymer (GFRP) composites have gained wider acceptance as structural materials for civil infrastructure [1, 2] and building construction [3] . This can be attributed to the several advantages of these advanced materials such as lightweight, high strength-to-weight and stiffness-to-weight ratios, corrosion resistance, electromagnetic transparency, ease of handling, and high durability even in harsh environments [4] . Among the GFRPs, the pultruded profiles are the most commonly used because they can be produced in a large volume at low operating costs, high production rate, high fibre content, product reproducibility and dimensional tolerances [2, 5] . However, the sensitivity of the physical and mechanical properties of pultruded GFRP structural profiles to elevated temperatures, due to the glass transition and decomposition processes of the polymer resin, has been one of the major concerns in civil engineering and construction applications. Hence, a better understanding of the resistance behaviours of pultruded GFRP composites under moderate and elevated inservice temperatures must be gained to further advance the adoption and safe use of this material in the mainstream construction applications.
A number of experimental and modelling works have been conducted to characterise the mechanical properties of GFRP composites when exposed to elevated temperatures. Based on these studies, the strength, stiffness and interfacial bonding between the fibres and resin of a pultruded GFRP section decrease as the temperature increases [6] [7] [8] . In particular, the aforementioned mechanical properties drop rapidly when the temperature approaches and/or exceeds the glass transition temperature (Tg) of the polymer matrix, typically ranging from 60 o C to 140 o C [9] . The elastic modulus of pultruded GFRP composites cut longitudinally (along the direction of pultrusion) is different from those cut transversely; however, dynamic mechanic analysis (DMA) indicated thermal degradation in both directions during the glass transition stage [8] . The degradation of the tensile strength of pultruded GFRP composites at elevated temperatures is much lower than that of the shear and compressive strengths because the former property is mainly governed by the fibres while the latter properties is dominated by the resin [5] . As a result, various empirical and mechanisms-based models that predict the temperature-dependent properties of composites have been developed, which are generally functions of either mass (or density) and/or temperature [7, [10] [11] [12] [13] [14] . Nevertheless, Correia et al. [5] stated that additional experimental data are needed to validate previous results and that further research works are needed regarding the other important properties of pultruded composites profiles, particularly the shear modulus, the elastic modulus in the transverse direction and the interlaminar shear strength (ILSS), which is the limiting design characteristic for pultruded FRP [15] . In addition to these properties, the flexural/bending behaviour at elevated temperatures is also of equal importance as input for modelling and design purposes.
These aspects are the key motivation of this undertaking.
In this study, the flexural and interlaminar shear behaviour in both the longitudinal and transverse directions of GFRP laminates cut from pultruded sections were comparatively evaluated by subjecting them to temperatures ranging from room temperature (23 °C) to 200 °C. The failure modes, load-deflection curves, load-carrying capacities, and stiffness (linear elastic portion of the load-deflection curves) of these composites were then evaluated. In addition, effects of shear span-to-depth ratio on the longitudinal and transverse properties of the composite laminates were analysed. Thereafter, Timoshenko Beam Theory (TBT)-based procedure [16] was adopted to determine the flexure and shear moduli of the GFRP laminates based on all the experimental results. A simplified empirical models were proposed, calibrated with the test data, to estimate the flexural and shear moduli and strengths of the GFRP pultruded laminates in both the longitudinal and transverse directions at varying temperatures.
Experimental Program

Material
The coupon specimens ( Figure 1 ) considered in this study were prepared from the commercially available GFRP tubular profiles manufactured by Wagner's Composite Fibre Technologies (WCFT) in Toowoomba, Australia. These profiles were made through the pultrusion process, wherein the E-type glass fibre reinforcement are saturated with the catalysed vinyl ester resin and are pulled through the heated curing die to harden and then 
Specimens
Coupon specimens with average width b and thickness h of 6.4 mm and 12.1 mm, respectively, but with varying lengths were cut parallel and perpendicular to the pultrusion direction to determine the longitudinal and transverse properties of the pultruded GFRP composites at elevated temperatures. In this study, the mechanical properties, particularly the interlaminar shear and flexural behaviour, of the considered materials were evaluated by testing specimens with shear span-to-depth-ratios a/h of 4, 8, 15, and 18. Transversely cut specimens with a/h of sections (125 mm by 125 mm by 6.4 mm thickness) to which the coupon specimens were cut from.
The specimens were labelled as Lo-a/h-T and Tr-a/h-T where "Lo" and "Tr" stand for longitudinally and transversely cut specimens, respectively, while a/h and T represent the shear span-to-depth-ratio of the specimen and the temperature in which the specimen was subjected to, respectively. For example, the specimen identified as Lo-4-RT means that it is a specimen cut along the pultrusion direction with an a/h of 4 and was tested at room temperature, approximately equivalent to 23°C, while Tr-15-100 means that it is a specimen cut perpendicular to the direction of pultrusion with a a/h of 15 and was tested at temperature of 100 °C . Figure 3 shows the typical three-point static bending test, following the ASTM D790-15 [19] standard, that was carried out on the pultruded GFRP laminates for two different a/h. carried-out under a steady-state condition. After fixing the specimen in the test equipment, the temperature inside the chamber was increased to the target temperature and then held constant for 30 minutes to allow the test specimen to reach the same temperature. In addition to the soaking period in the environmental chamber, the other test specimens were also conditioned inside the chamber while the testing is being conducted. The test specimens were loaded to failure. The peak load, deflection, and failure initiation and progression were monitored and recorded during the tests. After the testing, the failed surfaces of the specimens were examined visually and by using an electron microscope. represents the stiffness of the undamaged pultruded GFRP laminates, owing to the elastic behaviour of the matrix and the fibre-matrix interphase during the early stage of loading [20, 21] . The stiffness, however, tend to degrade as the temperature increases. The second stage
Test set-up and instrumentation
showed the gradual reduction of stiffness, displayed by a nonlinear curve, which continuously transpired up until the peak load. In the case of Lo-4, the nonlinear behaviour was due to the initiation and propagation of delamination damages, owing to the viscoelastic interlaminar shear behaviour of the resin matrix and the resin-fibre interphase at higher stresses [20, 22] , while for Lo-8 that behaviour was caused by the gradual crushing of resin matrix and fibres at the compression zone directly below the point of load application. In general, the nonlinearity increases as the temperature rises. This could be attributed to the glass transition process of the vinylester matrix that caused the initiation and propagation of indentation and furthered the severity of ply delamination (Lo-4) and compression failure (Lo-8) before attaining the peak load. Various post-peak behaviour were observed during the tests. After reaching the ultimate strength, the load-carrying capacity of Lo-4-RT and Lo-4-40 dropped immediately followed by a gradually reducing strength, owing to continuous delamination. Lo-8-RT, on the other hand, yielded a post-peak segment characterised by an abrupt load reduction -due to sudden compression failure -tailed by a slightly increasing load that will drop again, which continuously happened up until the end of load application, owing to the continuous crushing and progressive occurrence of ply delamination. Lo-15 and Lo-18 exposed to temperatures between RT to 70 °C , on the other hand, undergone a brittle compression crushing failure of matrix and bending deformation of fibres below the point load followed by the initiation and proliferation of fibre rupture, with minor delamination, at the bottom section ( Figure 5e ). The degree of compression failure increases with the temperature while the severity of tensile failure decreases because at higher temperature, the resin matrix is more susceptible to compression failure rather than fibre tensile rupture. At 100 °C and 120 °C , Lo-15 and Lo-18 failed in a ductile manner, which can be described as fibre kinking and buckling, because the softened resin can no longer confine the glass fibres, coupled with resin crushing at the top directly below the point load but without any fibre rupture (Figure 5f ). These observations can be expected since the softened resin matrix at the compression zone have a lower capability to prevent damages compared to the temperature-resistant E-glass fibres and flexible matrix at the tensile zone. With further loading, the damages accumulate gradually in the specimens tested at higher temperatures, as reflected in their load-deflection curves. The remaining specimens subjected to temperature 150 °C and 200 °C undergone delamination that originated at the free end and then propagated towards the midspan of the specimens (Figure 5g ).
Behaviour of transversely cut specimens (Tr-specimens)
Tr-4, Tr-8 and Tr-15 tested from RT to 200 °C also yielded a three-segment load-deflection curves (Figures 4e, 4f and 4g, respectively). The first segment represents the linear elastic behaviour at lower applied loads, which embodies the stiffness of the pultruded GFRP laminates in the transverse direction. With further loading, a nonlinear behaviour occurred, wherein the stiffness decreased gradually prior to peak load, which corresponds to the second segment of the curve. At this stage, several abrupt load drops happened in specimens tested at RT due to the progressive formation of flexural cracks, with some crack-induced delamination, at the bottom section. As the temperature rises, the linear portion of the curve shortened while the nonlinear segment increases, owing to the softening of the vinylester matrix. After reaching the maximum load, the load-carrying capacity of Tr-specimens tested at RT dropped rapidly while those subjected to temperatures ranging from 40 °C to 100 °C yielded a gradually decreasing capacity. The remaining Tr-specimens exposed at 120-200 °C, however, yielded a plateau segment that represents the plastic behaviour of the polymer in its leathery material state.
All Tr-specimens undergone a failure characterised by the formation of vertical and inclined cracks at the bottom section of the laminates, followed by some crack-induced delamination, which is considered as a flexure-type of failure. The development of bottom flexural cracks in transversely cut specimens seems to be concentrated and/or localised in one location, approximately at the midpsan of the specimen, when tested at room temperature ( Figure 5h ). The crack widened and propagated upward as the applied load increases. At higher temperature, however, the cracks were randomly distributed at the bottom of the specimens ( Figure 5i ). As the temperature increases, the number of cracks and frequency of crack-induced delamination increase while the crack width becomes narrower. Based on the table and figure, the ILSS of longitudinally cut GFRP laminates at room temperature is around 54.7 MPa. This value was comparable to that reported by Muttashar et al. [23] , equivalent to 51 MPa, for the same pultruded GFRP section. In general, the strength of Lo-4 tend to decline steadily, at a constant gradient, as the temperature rises. Interestingly, this linear trend was also observed by Liu et al. [20] for carbon fibre-reinforced epoxy resin composites tested from ambient temperature to 130 °C. It can be inferred that this strength degradation at higher temperatures was due to the softening of the resin matrix that resulted in the reduction of the shear stress resistance and the occurrence of indentation failure. In fact, at 100°C, the load-carrying capacity retention of Lo-4 was just 14%. At this temperature exposure, the resin drastically losses its ability to hold the fibres together, including the ability to transfer interfacial shear stress from one portion to another, as evidenced by the localised ply delamination (in the vicinity of point load application) in these specimens. Beyond 100°C, the specimens did not sustain further loads, suggesting that the tested vinylester-based GFRP laminates have negligible ILSS when exposed to temperature just below the Tg of the resin matrix.
Interlaminar shear strength
The strength of Tr-4 was also negatively affected by the elevated temperature exposure as can be noted from Table 2 and Figure 6a . These specimens yielded a negligible strength at 70°C. At higher temperature, several flexural cracks were formed at different locations, instead of one single major cracks, that lowered the strength capacity of the specimens. The maximum capacity attained by Tr-4 specimens at room temperature was only approximately 40% of Lo-4's ultimate strength. This can be expected since the strength of Lo-specimens was enhanced by the longitudinally oriented (0°) fibres. Furthermore, the strength degradation of Trspecimens was more severe compared to Lo-specimens as the temperature increases. Again, this is because Tr-specimens have no 0° fibres that can support the softened matrix in resisting applied loads that resulted in a relatively more strength loss. Table 3 shows the mean peak strength P and the corresponding average maximum bending As shown in Table 3 , Lo-15 and Lo-18 yielded load-carrying capacities of 3014 N and 2405 N, respectively, at room temperature. These loads were equivalent to σ of 821 MPa and 801
Flexural strength
MPa, respectively, which were almost the same with the results obtained by Guades et al. [24] for the same materials. Interestingly, the measured strength was more than twice the strength (325 MPa) reported by Liao et al. [25] for glass fibre-vinyl ester composite. This could be attributed to the type and configuration of the fibres they adopted in their study, consisting of alternating layers of unidirectional fibre roving and chopped fibre strand mat, including the fibre-matrix interphase properties. The flexural strength increases when a/h decreases because the portion of the point loads that are directly being transferred to the support -through a strut -increases, i.e., the composite laminate's behaviour was dominated by the arch action instead of the beam action when a/h decreases. Lo-15 and Lo-18's average strength at ambient temperature were 62 % and 103 %, respectively, lower than Lo-8 while Tr-15 produced an average strength that was 110 % lesser than Tr-8. In general, the longitudinally cut specimens yielded higher strength compared to transversely cut specimens for similar temperature exposure. At room temperature, the strength of Lo-8 and Lo-15 were 416 % and 570 %, respectively, greater than that of Tr-8 and Tr-15, respectively. The degree of strength reduction per defined temperature rise, however, was larger in the former specimens compared to the latter samples. This is because at low temperature, the stresses are effectively transferred from fibres to resin matrix and vice versa; however, at higher temperature, the matrix loss its ability to transfer stresses that resulted in higher strength degradation. The transversely cut specimens, on the other hand, was mainly governed by the matrix all throughout the test and hence, a steep strength reduction was observed as the temperature rises.
Stiffness
Based on Table 2 and Figure 6a , the stiffness -the slope of the linear elastic portion of the load-deflection curves P/Δ -of Lo-4 was 87 % higher than that of Tr-4 at room temperature.
In addition, Lo-4 exhibited an excessive stiffness degradation at temperatures between 70 °C and 100 °C while Tr-4 undergone same phenomenon when tested between 40 °C and 70 °C, suggesting that the stiffness of transversely cut specimens seems to be more influenced by the temperature compared to longitudinally cut specimens. This is because of the ability of Lo-4 specimens to transfer the applied load from matrix to 0° and + 45 o fibres and vice versa compared to Tr-4.
In general, all the samples exhibited stiffness degradation with increased temperature as shown in Table 3 Furthermore, as the temperature increases, stiffness degradation was relatively more severe in Tr-specimens compared to Lo-specimens.
It was apparent from Figure 6 that for similar elevated temperature exposure, the loadcarrying capacity of the longitudinally cut specimens undergone higher degree of degradation compared to their stiffness, suggesting that the strength of the longitudinally cut pultruded GFRP laminates was more influenced by the temperature compared to its stiffness. This is because the former mechanical property was mainly governed by the resin properties and the corresponding fibre-matrix interaction while the latter property was predominantly influenced by the fibre properties [28, 29] . Interestingly, this observation corroborates with that of Correia et al. [9] who conducted an in-plane shear strength tests, through 10° off-axis tensile tests, on GFRP composites. From their experiment, they concluded that the relative reduction of shear strength was significantly larger than that of shear stiffness due to glass fibres that retain considerable amount of room temperature stiffness. Another reason is that the distribution of stresses among the glass fibres (in both the compression and tension zones) at higher temperature became less uniform because the softened resin can no longer confine and hold the glass fibres inside the matrix, which leads to substantial reduction of the load-carrying capacity. (18) 81 (5) 191 (29) Tr-15-150 43 (4) 12 (1) 13 (1) Lo-15-200 181 (27) 49 (7) 185 (30) (29) 801 (9) 355 (16) 
Flexural and Shear Moduli based on Timoshenko Beam Theory
The low shear modulus of the resin compared to the elastic modulus of the fibres resulted in a relatively low shear-modulus-to-elastic-modulus ratio of the composites that made the shear deformation very significant in the overall deformation and hence, must be considered in the calculation of the total deflection [31, 32] . Therefore, the Timoshenko Beam Theory (TBT)-based procedure [16] was adopted in this study to determine simultaneously the flexural and shear moduli of the pultruded GFRP composite laminates using the experimental results.
According to this theory, the total maximum deflection (Δ) can be computed as the sum of the deflections due to flexural and shear deformations (Δf and Δs, respectively). For composite beams tested under three-point bending test, the equation is written as follows:
where P is the vertical load applied at midspan; L is the clear span or distance between the supports; E and G are the flexural and shear moduli; I and A are the centroidal moment of inertia and cross-sectional area, respectively; and K is the shear area coefficient (assumed as 1.0 in this study). In order to determine E and G, Equation 4 can be written as follows:
This equation can be interpreted as a straight line with quantities 4AΔ/PL and (L/r) 2 as the dependent and independent variables, respectively, while 1/12E and 1/G as the slope (m) and y-ordinate (c), respectively. Hence, E and G can be computed as follows: [23] .
The elastic and shear moduli decrease as the temperature increases, wherein a drastic moduli degradation occurred when the temperature exposure exceeded the Tg of the vinylester matrix, specifically at 120 °C. Again, this was due to the transitioning of the resin matrix from a rigid glassy state to a flexible leathery state, as explained in the previous sections.
Interestingly, for similar temperature exposure, the degree of flexural moduli degradation based on TBT theory was relatively similar to that Lo-15 and Lo-18, suggesting the suitability of Bank's proposed procedure in determining not only the E values but also the G values of the GFRP laminates at elevated temperatures. By inspecting Table 4 , as the temperature increases, the shear modulus property exhibited more steep degradation compared to flexural modulus because the former is mainly dependent on the resin properties, which are significantly reduced at higher temperature.
The moduli of the longitudinally cut specimens were generally higher than those cut transversely. At RT, Lo-specimens' E and G were 223 % and 48 %, respectively, higher than that of Tr-specimens. At higher temperatures, the difference even became higher. In fact, for similar temperature exposure, the flexural and shear moduli of transversely cut specimens decreased more drastically in comparison with the longitudinally cut specimens. This observation tend to suggest that the influence of +45° and -45° fibres to the mechanical properties in the transverse direction tend to decrease at higher temperatures. This behaviour was different from that reported by Bai et al. [8] regarding the DMA tests conducted on pultruded GFRP laminates cut along the two directions wherein they reported that although different in magnitude, the moduli in the longitudinal and transverse direction undergone similar trend at elevated temperatures. This could attributed to the fibre composition and orientation they adopted in their study which is a combination of a chopped strand mat (CSM) and a woven roving [0°/90°] that resulted to similar properties in both direction. 
Prediction Equation of Strength and Stiffness
Simplified prediction equations that can accurately model the variation of the mechanical properties at different temperature exposure are necessary in the of design structures with FRP components [7] . Figure 9 plots the flexural and shear moduli as a function of temperature.
Based on the figure, the E-modulus of both the longitudinally and transversely cut specimens decrease linearly from room temperature up until 100 °C. Then, from 100 °C to 150 °C, the flexural modulus exhibited more steep linear degradation. The G-modulus, on the contrary, tends to reduce linearly from room temperature up to 150 °C. Based on these observations, regression analyses were done to determine the appropriate empirical models that will best describe the moduli of the GFRP laminates and their corresponding deflection when subjected to moderate and elevated temperatures. From the analyses, the following equations were proposed for the studied GFRP laminates:
Along the pultrusion direction: where ILSSLo-RT and σLo-RT are the longitudinal interlaminar shear strength and flexural strength at room temperature, respectively, while ILSSTr-RT and σTr-RT are the transverse interlaminar shear strength and flexural strength at room temperature, respectively.
Conclusions
In this study, longitudinally and transversely cut pultruded GFRP composite laminates were considered and tested using the three-point bending test to investigate its mechanical properties when subjected to elevated temperatures. Based on the test, the following conclusions were derived:
 In general, the strength and stiffness of the tested composite laminates decreased when the temperature increases, with significant reductions occurring between 100°C to 150°C due to the glass transition process undergone by the matrix (vinylester resin).
 For the same degree of temperature exposure, the interlaminar shear strength ILSS, shear modulus, flexural strength, and elastic modulus of transversely cut specimens undergone more severe degradation compared to that of longitudinally cut specimens.
This could be attributed to the presence of more fibres, oriented along the pultrusion direction, resisting the applied load which made the longitudinal mechanical properties of the GFRP composite laminates better than its transverse properties.
 As the shear-span-to-depth-ratio a/h decreases, the strength degradation at elevated temperature became more drastic in both longitudinal and transverse directions. In fact, the specimens with a/h of 4 were able to carry interlaminar shear stress up to temperature exposure of 70°C only while those with a/h of 15 and 18 were able to sustain flexural stresses until 200°C. This is because the stress resistance mechanism of the former specimens was generally governed by the fibre-resin interphase properties, which is directly affected by the degradation of polymer resin at elevated temperature, while that of the latter specimens were predominantly coming from the compressive strength of the resin and glass fibres and the tensile strength of the fibres.
 At elevated temperature, the shear modulus undergone more severe degradation compared to flexural modulus because the shear modulus of the pultruded GFRP laminates is mainly dependent on the interaction between the fibre and matrix while the flexural modulus is predominantly influenced by the fibre properties.
 The strength of the longitudinally cut specimens was more influenced by the elevated temperature compared to its stiffness, mainly because the strength was governed by the fibre-matrix interaction while the stiffness was affected by the fibre properties. On the contrary, the strength and stiffness behaviour of transversely cut specimens, undergone similar trend of degradation in strength and stiffness as both these properties are predominantly dependent on the resin matrix.
 Simplified empirical models to predict the strength and modulus of the GFRP laminates in both the longitudinal and transverse directions at elevated temperature were proposed. Further experimental works, however, are needed to enhance the accuracy of these equations.
The knowledge and gained from this study would be substantial in the development of design curves that simulate the degradation of the temperature-dependent mechanical performance, which would be useful in analysing the response of the pultruded GFRP structural profiles and of various assemblies built out of it under elevated temperature. 
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